Abstract. Two atmospheric aldehyde sampling techniques, the impinger method in which aldehydes are trapped in a 2,4-dinitrophenylhydrazine acidified acetonitrile solution, and the method in which aldehydes are captured in 2,4-dinitrophenylhydrazine acidified coated cartridges commercialised by the WATERS ® , were compared for blank values, sample preservation, ozone action, and water influence. The two methods were tested in a Paris atmosphere and the influence of a KI ozone scrubber has been evaluated. Except for acetaldehyde and benzaldehyde, the two techniques do not give coherent results. When no ozone scrubber is used, the cartridge technique gives systematically lower values. Bad correlation has been obtained between data with scrubber and data without scrubber for the impinger technique except for acetaldehyde. For the cartridge technique, the correlation is better for all the aldehydes but higher values are found when a scrubber is used, except for formaldehyde. Ozone action leads to 2,4-dinitrophenylhydrazone destruction, but also to formaldehyde 2,4-dinitrophenylhydrazone formation by reaction between airborne volatile organic compounds and ozone on the cartridge surfaces.
Introduction
Carbonyl compounds play a major role in troposphere physical chemistry [1] [2] [3] . They can be directly emitted in the atmosphere by mobile sources and vegetation [4] [5] . They can originated from organic compound oxydation by OH radical in the troposphere [6] . As those compounds are potentially photolysable, they constitute an additional source of free radicals which are mainly significant during the early morning [7] [8] . Thus, aldehyde measurements in the atmospheric environment are especially interesting for atmospheric photochemistry studies [9] [10] .
However, the atmospheric measurement of these products is not without difficulties. Different techniques described in details elsewhere [11] [12] [13] [14] [15] [16] have been tested. Various sampling methods have been tested but in recent years, only the 2,4-dinitrophenylhydrazine method followed by HPLC analysis of the formed derivates has remained [17] [18] . This chromatographic analysis gives simultaneously the lowest threshold values and a separation analysis of each component. The other techniques are of little more than historical interest. They can however be considered for short studies since they are easier and less expensive to set up. In the last few years, new methods have been proposed but none have been widely adopted. The chromotropic acid method has been used for formaldehyde determination [19] . It is only suitable for highly polluted media and requires long sampling times. A method with 3-methyl-2-benzothiazolone is sensitive but the overall value is wrong because the absorption coefficient varies from one compound to another [20] . Chemical derivatization with 2,4-dinitrophenylhydrazine, HPLC separation of formed 2,4-dinitrophenylhydrazones and UV detection is still currently employed but aldehydes from pentanal to undecanal can be easily analysed by gas chromatography [21] . Various used protocols differ only by their derivatization and capture techniques. These techniques are of two main types, those with impingers, and those with coated cartridges. The comparison of the data obtained by these two methods is not easy. In the following study, we try to answer to this difficulty by comparing these two methods performance on the basis of laboratory tests and atmospheric measurements, under the same conditions: i.e. flow rate: 1 L/min, sampling time: 2 hours. The influence of ozone and water has been tested for the two methods.
Experimental methods

Impinger method
In the impinger method the aldehydes were preconcentrated and derivatized in washer flasks containing 20 mL of 2,4-dinitrophenylhydrazine at 0.12 g/L in acetonitrile (HPLC quality) acidified by H 2 SO 4 (400 µL/L). During the sampling (1 L/min for 2 hours), solutions were cooled to 2 to 4 °C in order to minimise solvent evaporation. The solutions were analysed by HPLC at least 2 hours after again reaching ambient temperature. The 2,4-dinitrophenylhydrazine used was recrystallized three times in acetonitrile (HPLC quality) under pure nitrogen. The trapping solution was only acidified just before sampling.
Coated cartridges method
The tested cartridges contain 0.35 g of coated silica (particle size from 55 to 105 µm) with 1 mg of 2,4-dinitrophenylhydrazine available under commercial label "SepPack Cartridges DNPH Silica" (Waters ® ). 2,4-dinitrophenylhydrazone was eluted from the cartridge with 3 mL of acetonitrile (HPLC quality) in a pure nitrogen flushed chamber [18] . The sample was adjusted at 5 mL with acetonitrile for HPLC analysis.
Common HPLC Analysis conditions
-Column C 18 (Shandon), (250 mm × 4.6 mm; 5 µm).
-Loop volume: 20 µL.
-Eluant: 1 mL/min (water/acetonitrile, the solvent gradient is indicated in Tab. I).
-HPLC: Applied Biosystems 400.
-Detection: UV visible absorption at 360 nm (Applied Biosystems 783A detector).
-Carbonyls analysed: Formaldehyde, Acetaldehyde, Propanal, Acetone, Benzaldehyde, Butanal, Cyclohexanone.
Blanks and detection limits
In order to estimate the detection limits for the various aldehydes studied, we measured blank values of each one.
We must note that an essential difference exists between these two methods. In the impinger method, the blank is measured on a very small fraction of the trapping solution. This blank is a "true blank" (to be opposed to an estimated blank: see blank for the cartridges). Without sampling mistakes, blank uncertainty is only due to noise and analytical method repetability. The experiment shows that the noise creates an uncertainty of about 0.05 ppbv (three times the noise measured crest to crest) and the analytical repetability is better than 5%. For instance, a blank (the worst never recorded) is given in figure 1 .
In this chromatogram, only formaldehyde, acetaldehyde and acetone have got significant contamination blank peaks. Detection limit is given out by the formula:
These detection limits are for the different aldehydes given as follow: ∆C = 0.1 ppbv for formaldehyde ∆C = 0.07 ppbv for acetaldehyde ∆C = 0.05 ppbv for other aldehydes.
For the cartridges, blank is measured by testing 5 cartridges in a box which contains 20 cartridges. It is an estimated blank. The estimated value is the mean of five determinations (µ), additional uncertainties due to sampling random have been fixed at three times the standard deviation (σ). The detection limit is then:
∆C (ppbv) = 0.05 + 5% µ + 3σ.
Our study was carried out on seven sets and the results are presented in table II (data corresponding to a 120 liters air sample).
The main conclusion is that the inner dispersion in the set is so high that we can't expect reliable evaluation by testing only one cartridge because of the importance of the term 3σ. Secondly, it appears that different sets can be very heterogeneous and to be sure that we have the correct
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Sample stability
Impingers: A sample was kept at ambient temperature and analysed over 5 days at regular intervals. During the first thirty-six hours, no remarkable changes were observed. Afterwards, a slow decrease of the 2,4-dinitrophenylhydrazone peaks (loss of 10 to 15% after seventy-two hours) was recorded and non identified new peaks were observed.
Cartridges: Formaldehyde, acetaldehyde and benzaldehyde were injected in a 2 m 3 chamber [22] with the following respective concentrations: 26.7 ppbv, 14.6 ppbv and 3.4 ppbv. Twelve cartridges, originated from the same set, were sampled with a 1 L/min sampling flow rate and three minutes sampling time. The concentration of carbonyl in the chamber was stable for about 3 hours. Those cartridges were stored at 4 °C and analysed over ten days. During the first seven days, no diminution of the values was noted. Afterwards, a decrease is observed. The elution of sampled cartridges must be done in less than a week. After this time, an increase of the acetone 2,4-dinitrophenylhydrazone is observed probably due to sample contamination or other 2,4-dinitrophenylhydrazone destruction.
Interference with ozone
In the first cartridges tested in 1984, significant aldehyde quantities (mainly formaldehyde) were generated explaining why abnormal high values were systematically found. This creation is related to volatile organic compounds (caught by the cartridges) that are oxidized by ozone present in air. The use of an ozone scrubber i.e. precartridges with either KI or (FeSO 4 , 7 H 2 O) was recommended.
Aldehyde production test in preconcentration system
Two experiments have been conducted in order to evaluate the impact of ozone on aldehyde production in impingers and cartridges. The first experiment consisted in introducing in the impingers and cartridges known quantities of 3 hydrocarbons: (hexene-1: 1.7 ppbv, n-hexane: 1.7 ppbv, toluene: 1.8 ppbv). These three hydrocarbons were chosen as they can represent the three principal hydrocarbon chemical families: alkane, alkene and aromatic. These three families have a different reactivity with ozone. n-hexane and n-hexene and were chosen preferentially to pentane and pentene as they are less volatile, and so are easier to manipulate. Benzene was not used as it is known to be a carcinogenic agent. They were introduced by injecting 0. Impinger: Formaldehyde and n-propanal are not generated by hydrocarbons and ozone reactions as formaldehyde and n-propanal hydrazone levels are not enhanced (Fig. 2) . For acetaldehyde and benzaldehyde, we observe important differences for each test. For both derivates, the action of ozone led to enhanced hydrazone levels. This increase is largely magnified when hydrocarbons are introduced.
For n-butanal and acroleine/acetone, we observe a significant increase of these compound derivates when ozone is flushed in the impinger. When hydrocarbons are introduced, the levels are the same for acroleine/acetone, and weakly
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Original articles Table II . Blank values for different cartridge sets (evaluated for a 120 liters air sample). Cartridge: For formaldehyde and n-propanal, we observe an increase in hydrazone levels when an ozoned air is flushed throught the cartridge. Levels are strongly enhanced for formaldehyde (but lower for n-propanal) when hydrocarbons are introduced and ozone is flushed. It is like if, formaldehyde and n-propanal derivates strongly originated from the reactivity between ozone and hydrocarbons. For other hydrazone (benzaldehyde, n-butanal, acetaldehyde and acroleine/acetone), the levels obtained with hydrocarbons and ozone are lower than when only ozone is flushed. These derivates do not originate from hydrocarbons and ozone reactivity.
2,4-dinitrophenylhydrazone destruction test
Impingers: Solutions of 2,4-dinitrophenylhydrazones (formaldehyde, acetaldehyde, n-propanal and benzaldehyde) in acetonitrile (concentrations of about ~30 µg/L) are flushed with a 120 liters 50 ppbv ozoned air at 1 L/min flow rate. No effect has been observed. For higher ozone concentrations (> 140 ppbv), we can note that new peaks appear either solution has got 2,4-dinitrophenylhydrazones or not. These peaks come from 2,4-dinitrophenylhydrazine as it is the major compound. This has been observed by Arnst and Tejada [23] , and other authors [24] [25] . The 2,4-dinitrophenylhydrazones are transformed by ozone action at various rates. Formaldehyde and acetaldehyde hydrazone are the most affected by these transformations. The uncertainty on the 2,4-dinitrophenylhydrazone transformation part is the most important for formaldehyde indicating various and complexes destruction mechanisms. Benzaldehyde 2,4-dinitrophenylhydrazone seems to be less reactive regarding to ozone action than aliphatic aldehydes. Acetone 2,4-dinitrophenylhydrazone levels are strongly enhanced during the ozone action. Two unknown 2,4-dinitrophenylhydrazones are generated during the ozone treatment, as indicated on the chromatograms presented in figure 4 .
Humidity influence
Hydrazones hydrolysis has been followed by adding known water quantities to a trapping acetonitrile solution 
Field applications
A comparison was made from October, 5th, 1994 at 10.00 a.m. (legal hour = GMT + 1 hour) to October, 7th, 1994 at 14.00 p.m. at Créteil campus (13 km SE away from Paris). Four samples have been simultaneously conducted in similar conditions of flow rate (1 L/min) and sampling time (2 hours), two with impingers, and two with cartridges with or without ozone "scrubber" (precartridge of 0.66 g KI prepared in the laboratory (see [27] ). Results are given in table IV. In order to compare these two techniques, results are presented in figure 6 . For each aldehyde, three comparisons have been made. The comparison has reached on the influence of the scrubber for impinger and cartridge. The last comparison was between cartridge and impinger directly.
Formaldehyde
For the impinger technique, a bad correlation has been obtained between data with scrubber and data without scrubber (r 2 = 0.13). The use of an ozone scrubber gives in 
Impinger (ppbv)
Cartridge ( general lower values. For the cartridge technique, the correlation between data with scrubber and data without scrubber is also bad (r 2 = 0.26). Contrary to the impinger technique, the use of an ozone scrubber gives higher values. The comparison between data from cartridge and data from impinger gives two observations. When an ozone scrubber is used for both sampling technique, values are higher for impinger (from 4 to 11 ppbv) and lower for cartridge (1.4 to 4 ppbv). These observations are not in agreement with those obtained by Lipari and Swarin (1985) [28] . During field sampling (flow rate of 1 L/min and 2 hours sampling time) in Warren, MI (USA), a very good correlation was obtained between both techniques. Ratio cartridge/impinger ranges between 0.89 -1.31. The cartridges tested were prepared by the authors: they were packed with 60 -80 mesh Florisil and coated with a 2 mg/mL DNPH solution in dichloromethane.
No ozone data was given. In this study, tests were made only on formaldehyde.
Acetaldehyde
For the impinger technique, we can notice a better correlation between data with scrubber and data without scrubber (r 2 = 0.65). Values without scrubber appear to be higher than with scrubber. For cartridges, the correlation is bad (r 2 = 0.50) but values with scrubber are about two times higher than those without scrubber. The comparison between impinger and cartridge techniques indicates that when no ozone scrubber is used, values for impinger are higher and when an ozone scrubber is used values appear a little higher for cartridge.
Propionaldehyde
For impinger, no correlation is observed between data with scrubber and data without scrubber (r 2 = 0.01). For the cartridge sampling technique, the correlation is better but bad (r 2 = 0.26), and values with scrubber are about three times higher. When no scrubber is used, values appear to be very low for cartridge (~0.25 ppbv). Comparison between cartridge and impinger techniques using an ozone scrubber indicate more correlated data.
Benzaldehyde
No correlation (r 2 = 0.04) has been obtained between data with scrubber and data without scrubber. On the contrary a better correlation is observed for the cartridge technique (but still bad; r 2 = 0.20), and values are about three times higher with scrubber. Concerning the two sampling techniques, it appears that when no ozone scrubber is used, values for cartridges are very low and do not exceed 0.6 ppbv while values for impinger are included between 0.5 to 1.5 ppbv. When a scrubber is used, values between impinger and cartridge are better correlated.
Conclusion
This study has shown that the 2,4-DNPH method used for atmospheric sampling of carbonyls is not without difficulties as some interferences have been pointed out for ozone and humidity. Ozone can react with the formed hydrazone and the 2,4-DNPH. Humidity can be a serious problem for ketone measurement. The comparison between impinger and cartridge has shown that except for acetaldehyde and benzaldehyde, the two techniques do not give coherent results. When no ozone scrubber is used, the cartridge technique gives systematically lower values.
Bad correlation has been obtained between data with scrubber and data without scrubber for the impinger technique except for acetaldehyde. For the cartridge technique, the correlation is better for all the aldehydes but higher values are found when a scrubber is used except for formaldehyde.
For the measurements in the atmospheric environment, particularly in non-polluted areas, the impinger method, with its better detection limit gives better measurements reliability. As it ensures an easier handling, especially for the samples transport from study site to the laboratory, we could prefer the method with cartridges. But in this case, three precautions should be imperatively taken in order to obtain reliable results: blank variance determination by the test of several cartridges (about 5 per box), good set cartridges selection (low σ), ozone scrubber use. Further investigations must be conducted in order to confirm these results. The influence of NO/NO x should also be studied. Field investigations comparing both sampling techniques must be driven with the control of different parameters such as ozone, NO x , hydrocarbon concentrations, humidity and solar irradiation. With all these data, it will be possible to give a real conclusion on the choice of one of these two techniques.
